Recent, brittle fracture in Grade 23 power plant components at relatively low temperatures has increased the need to assess the cracking behavior of this material. Timedependent cracking in the heat-affected zone of Grade 23 weldments was assessed using crack growth testing of subsize compact tension specimens at a temperature (482°C, 900°F) characteristic of the upper portion of a furnace wall in supercritical boilers. Results of additional testing at a higher, typical design temperature (566°C, 1050°F) for superheater and reheater tubing and headers will be reported later. Post-test metallurgical evaluation of the cracking morphology was conducted using traditional light microscopy and laser microscopy. Although large-scale creep deformation is absent under these lower test temperature conditions, significant weldment heat-affected zone intergranular cracking was documented. An example of application of the data to the inservice integrity and life assessment of a furnace tube is also described, providing preliminary perspective on the factors controlling lifetime and manageability of integrity.
INTRODUCTION
Grade 23 (T/P23) is a bainitic/martensitic, creep strength enhanced ferritic (CSEF) steel that is currently being utilized in a broad range of applications from thin to thick section power plant components and additionally over a range of temperatures. In the low end of the temperature range, waterwall panels for supercritical plants are expected to operate at ~450°C (842°F), while supercritical superheater/reheater tubing and headers may operate at temperatures approaching 580°C (1076°F).
A recent failure in T23 material near a tube-to-tube butt weld in the roof tubing section of a supercritical boiler highlighted the need to characterize the response of weldments to operating stresses, including where there exist flaws (flaw tolerance). This particular section of the boiler was designed to operate at maximum conditions of 480°C (896°F) and 30.5 MPa (4424 psi). It was reported that the short-term failure (~10k hours of operation) was a result of reheat cracking in the heat-affected zone (HAZ) near the tube-to-tube butt weld. However, details of the investigation and related sample material to develop a root cause failure evaluation were not available. What was clear, however, was that the failure occurred in a relatively short time frame following installation (less than two years after initial start-up) and appeared to be brittle, having occurred at least in part by crack (flaw) growth during service. Thus, a need to predict the in-service growth of pre-existing flaws created by reheat or any other cause became apparent, given that dozens of similar tube to tube butt welds in the roof tubing would likely need a life assessment plan for further non-destructive evaluation or eventual replacement with planned outages.
At issue then, and as would be the case for a structure with indications or expectations of flaws, is the tolerance of the weldments for flaws under anticipated operating conditions. In the case of Grade 23, the experienced susceptibility to damage and failure likely due to weldment flaws (e.g., [1] [2] [3] ), in addition to the roof tube failure that initially prompted this study, makes a flaw tolerance assessment directly relevant to managing the integrity of the welded structure. In a broad effort to begin addressing the flaw tolerance of Grade 23 weldments, both for thin and thick sections, EPRI has initiated a Grade 23 weldment crack growth project with the first phase intended to mainly examine time-dependent (creep) crack growth behavior. A published literature search for the creep crack growth behavior of Grade 23 weldments revealed only one potentially useful reference [4] with data at 565°C (1049°F) and lacking sufficient detail to enable extrapolation to other exposure conditions. This paper includes an example of the application of the laboratory test data generated at 482°C, 900°F) to the integrity and lifetime prediction of a furnace tube, following a first paper that details the test procedure and results [5] . For completeness, the main elements of the testing phase detailed in Reference [5] are also presented here. Results of ongoing testing and application at a higher temperature (566°C, 1050°F) typical for superheater and reheater tubing and headers will be reported in a future publication. specimen removal and testing. The as-received material base metal chemical composition was determined and is given in Table 1 . The microstructure of the base material appeared to be a mix of ferrite, pearlite and bainite. The heat-affected zone (HAZ) and weld metal were predominately a mix of bainite and martensite. From this weldment, two subsize compact tension, C(T), specimens were wire electrical-discharge machined (EDM) from the weld with the specimen notch being located near the fusion line of the weldment as visible at the outside tube surface (i.e. the cap of the weldment). The tube after EDM is shown in Figure 1 . The specimen configuration and dimensions followed that of the ASTM standard E1457 for measurement of creep crack growth [6] , except that due to the available material being limited by the size of the tubular component, the planar dimensions (e.g., width, W) were proportionately reduced to about 40% of the standard C(T) test specimen (W≈20 mm compared with the standard geometry W of 50 mm). The thickness, B, of the specimens was nominally W/4.
Note that the single-V weld groove shape with a larger weld metal width at the tube outside surface is such that the asremoved specimen would expectedly have a varying crack front weldment zone location through its thickness -at the fusion line or HAZ at the outside tube surface changing to within unaffected base metal at the inside tube surface. The limitation of being able to locate the entire crack front in a given weldment zone was recognized. Nevertheless, the need to characterize the cracking response motivated this preliminary testing. 
Testing
Two tests were conducted. The first, a conventional creep crack growth test, consisted of static loading at 482°C (900°F) of a fatigue pre-cracked specimen. The static loading, however, involved periodic increases in load with crack length monitoring through the hold period associated with each load level. The second test consisted of 1 Hz cyclic loading at 482°C (900°F) of a similarly pre-cracked specimen. This test comprised six phases of loading, switching between a low Rratio (minimum-to-maximum load) of 0.1 typical of fatigue and a high R-ratio of 0.95 approaching a near-constant (static) load exposure typical of a creep crack growth test. Again, crack length was monitored through each phase of the test. The test was designed to develop a calibration for the DC electric potential drop (EPD) crack length monitoring system, but also provided useful fatigue cracking information as well as indications of material fracture toughness at 482°C (900°F) that are discussed here.
Test 1
Following room-temperature fatigue pre-cracking to a crack length of 4.585 mm (0.1805 in.), the specimen was tested at 482°C (900°F) under constant load over a time period of ~520 hours while monitoring the crack mouth opening displacement (COD). The load was initially set at 1334 N (300 lbf) and periodically increased throughout the duration to an ultimate load of 3379 N (760 lbf), after which the test was discontinued. The test loads correspond to an approximate applied stress intensity factor, K, initially of 9.9 MPa√m (9 ksi√in) increasing to the ultimate level of about 51.6 MPa√m (47 ksi√in). Following testing, the specimen was mounted, polished and etched in Villella's for examination of the crack in the plane nearest to the cap or face of the weld. Indications of crack extension were made and quantified using the measured COD.
Test 2
The second test was conducted at 482°C (900°F) and primarily designed to develop a calibration of the electric potential drop (EPD) system for monitoring crack growth for future tests. This specimen was fatigue pre-cracked at room temperature to a crack length of about 9.91 mm (0.39 in.), but in this case the test consisted of fatigue loading over six phases defined on the basis of a change in R-ratio (minimum-tomaximum load ratio), intended principally for calibration of an EPD crack monitoring system. The test was conducted at 482°C (900°F) and 1 Hz, using an R-ratio periodically switching between 0.1 (fatigue-dominant) and 0.95 (creepdominant). The applied maximum stress intensity factor (Kmax) varied from a low of about 7.7 MPa√m (7 ksi√in) to about 77 MPa√m (70 ksi√in). The total test duration comprised about 306,000 cycles or 85 hours, split between the fatigue-dominant mode for 5,400 cycles or 1.5 hours and the creep-dominant mode for 300,600 cycles or 83.5 hours. The test was conducted to full specimen fracture, and the broken halves were post-test examined via light optical microscopy, laser microscopy and scanning electron microscopy.
TEST RESULTS

Test 1
The test output data are plotted in Figure 2 , shown as test load and COD versus time.
Figure 2: Test load and crack mouth opening displacement (COD) versus time for Test 1 at 482°C (900°F)
While the COD response exhibited some scatter, the generally monotonic increase with time (and load) provided a means to estimate crack advance. Given the uneven crack front and varying crack growth rate from one side of the specimen to the other, no rigorous estimates of crack advance were made. However, to gain preliminary quantitative insight into the rate of crack advance, the measured COD changes were used to infer compliance changes and consequent crack length increase using the expression correlating crack size with crack mouth opening compliance per ASTM E399 [7] . The correlation between estimated compliance changes using the COD and crack advance was empirically adjusted to match the initial crack size (pre-crack length) and final crack size as measured on the surface with crack path nearest the fusion line in the HAZ. Figure 3 summarizes the estimated crack size-time results applicable to the near-surface and near-fusion line, HAZ crack front. Superimposed on the graphic is the applied K. A correlation between the crack growth rate, da/dt, and K could not be made due to the apparent scatter in the estimates. However, indications are that crack growth rate in the HAZ varies over the range, 1.78E-3 to 1.78E-2 mm/h (7E-5 to 7E-4 in/h), for the range of applied K of 9.9 MPa√m (9 ksi√in) to 51.6 MPa√m (47 ksi√in). Following test termination at a final load of 3379 N (760 lbf), each face of the tested specimen was metallographically examined. Figure 4 and Figure 5 are metallographic views of the tested specimen surface with the crack in the HAZ showing the cracking morphology, intergranular crack-tip damage, and an approximate indication of the start of time-dependent cracking based on crack shape and evidence of branching. At the opposite face of the specimen, the crack was in the base material and showed no time-dependent growth, confirming the presence of an uneven crack front and highlighting the contrast in propensity for time-dependent cracking in the HAZ versus unaffected base material. An average crack growth rate from the apparent timedependent extension noted in Figure 4 was estimated as 1.06 E-3 mm/h (4.16E-5 in/h), in reasonable agreement with the CODbased estimate.
The key findings from Test 1 are:  Even at a temperature as low as 482°C (900°F) where creep strain is expected to be low for the material, the Grade 23 weldment, particularly in the HAZ, exhibited time-dependent crack growth. The growth is accompanied by limited plastic and inelastic strain.  The time-dependent crack growth rate, as inferred via the COD measurements could not be correlated with the applied stress intensity factor, K.  The cracking mode at the specimen surface with crack in the HAZ appeared to vary, showing a transgranular appearance in the early phase, followed by a mixed transgranular and intergranular mode, culminating in a predominantly intergranular mode that is striking in the appearance of the damage ahead of the crack-tip.
In contrast, the unaffected base material showed no evidence of time-dependent crack growth.
Test 2
The second test, run at a frequency of 1 Hz and conducted to specimen fracture (separation into two halves), had six phases alternating between a fatigue-dominant R=0.1 (Phase 1, 3 and 5), and creep-dominant R=0.95 (Phases 2, 4 and 6) load ratio. The crack front in this case did not exhibit much variability across the specimen thickness. However, the precise crack location relative to the various weldment zones remains to be determined. Crack extension following Phase 6 was by relatively rapid ductile tearing for which no data were gathered. The test data were analyzed in two separate sets -one representing dominant fatigue (R=0.1), and the other approaching conditions of creep (R=0.95).
Fatigue Crack Growth
The first phase exhibited a threshold, apparent from the data and a third-order curve-fit (regression coefficient=0.9) as seen in Figure 6 . The threshold, occurring around 700 to 800 cycles for this R=0.1 data, corresponds to an applied stress intensity factor range, K, of about 9.9 MPa√m (9 ksi√in).
Curve-fits from each of the three phases were used to compute the cyclic crack growth rate, da/dN. Observations made from the R=0.1, 482°C (900°F), fatigue crack growth data and analysis are:
 The uniformity of the crack front across the specimen thickness, going from the near fusion line at one face to the base metal at the other, suggests that the material fatigue crack growth response under these test conditions did not vary as a function of material microstructure from HAZ to unaffected base metal.  The R=0.1 data exhibited an apparent K threshold of about 10 MPa√m (9 ksi√in).  A power law Paris regime was identifiable, and a curve-fit to this region between about 16.5 and 38.5 MPa√m (15 and 35 ksi√in) K yielded: o da/dN (mm/cycle) = 1.06E-6 (K) 1.4 for K in MPa√m; or o da/dN (in./cycle) = 4.774E-8 (K) 1.4 for K in ksi√in  The deviation from Paris behavior appeared at K values approaching 44 MPa√m (40 ksi√in). Indeed, a review of the cracking mode via post-test specimen metallographic examination (described below) showed that this deviation coincides with a transition to significant plasticity and to the onset of relatively rapid ductile tearing.  The crack growth behavior provides a means of assessing component flaw tolerance under fatigue loading conditions. 
Creep Crack Growth
The creep, or time-dependent crack growth behavior, was inferred from the data generated under the 1 Hz cycling condition, but at an R-ratio of 0.95 that approaches static loading conditions. Under the R=0.95 condition, unlike for R=0.1, the EPD system-estimated crack length exhibited considerable scatter. Details are given in Ref. [5] , but the primary result was that the scatter precluded developing any estimate of time-dependent crack growth rate from this test.
Fracture Toughness
Test 2 provided useful indication of the fracture toughness of the material at 482°C (900°F), although the weldment zonedependent toughness is not known due to the varying crack front weldment zone location. Figure 8 shows a photograph of one face of a broken half of the specimen alongside a macrograph of the fracture surface. The indicated onset of tearing occurred at an approximate crack length of about 11.94 mm (0.47 in.), evidently accompanied by significant plasticity and deformation of the specimen. This onset occurred at an applied Kmax of about 58.8 MPa√m (53.5 ksi√in). While it remains unclear as to why such tearing did not occur earlier in the testing period where this level of K max was exceeded, the documented onset of tearing at this applied K level indicates that the material fracture initiation toughness, K Ic , is likely to be less than 60 MPa√m (55 ksi√in). The crack-tip location corresponding to this estimate was mostly within unaffected base metal and need not represent the toughness of the HAZ. The HAZ fracture initiation toughness, based on the experience with weldments and on the limited damage observations from Test 1, may well be lower. The inferred level of material fracture initiation toughness at 482°C (900°F) is lower than what may be expected for this class of alloy. 
APPLICATION TO LIFETIME PREDICTION
An effort was made to examine how crack growth and flaw tolerance properties affect the integrity of an in-service component. To illustrate this by way of example, the test data generated were used in a rough assessment of the remaining lifetime of a furnace tube with nominal dimensions and design temperature and pressure conditions as given for the furnace roof tube that had failed in roughly 10k hours: 482°C (900°F) temperature, 30.5 MPa (4424 psi) pressure, 63.5 mm (2.5 inches) outside diameter, and 7.1 mm (0.281 inches) wall thickness. Since the material tested had been taken from a tube of the same furnace tube population, the lifetime analysis has practical value. Additionally, the analysis was conducted to examine the effect of residual stresses from welding, a useful exercise, given that such components are typically not postweld heat treated.
For all of the analyses, the tube crack model (see Figure 9 ) used is for an inside surface-connected, circumferential semielliptical surface crack with one-half surface length, c = 2x depth, a, for which the crack-tip K I solution is available (e.g., [8] ). Crack depth, a, is the primary dimension of interest. The Ref. [8] thin-wall solution used is for uniform tension and this analysis assumes uniform tube axial tension due to pressure and due to residual stress. While this simplifying assumption does not strictly apply in most cases (through-wall pressure stress gradient in thick sections, typically varying residual stress distribution), the exercise gives useful perspective and semiquantitative indication of what factors may control the various phases of cracking. In addition, the lower R/t=5 limit was used as an approximation for this application. 
Critical Crack Size
The critical crack size, representing the depth of crack at which time-independent tearing or brittle fracture occurs, is determined by the material fracture (initiation) toughness, K Ic or J Ic , and the crack body geometry and applied stress. For an assumed K Ic of 60 MPa√m (55 ksi√in) as inferred from the data from Test 2 and at the design pressure, the sensitivity of critical crack size to residual stress was analyzed, as seen in Figure 10 . Since the calculated critical crack depth is so large, even at very high residual stress levels, a net section stress plastic collapse condition for an assumed stress level of 483 MPa (70 ksi) was also imposed as an end-of-life condition. The residual stress was excluded, although a conservative circumferential crack assumption was used in estimation of this collapse condition.
What is apparent, even with a toughness as low as 60 MPa√m (55 ksi√in), is that failure may not be expected to occur by tearing or unstable fracture since the calculated critical crack depth generally exceeds the wall thickness and exceeds the depth for plastic collapse except in a narrow regime of residual stress > 345 MPa (50 ksi). Even in this regime, the calculated critical crack depth is so large as to make this moot with respect to managing integrity, but more importantly, the residual stress is not expected to be sustained at these levels of crack size. In essence, fracture toughness does not control tube failure due to the growth of a circumferential crack. Further, the residual stress has no significant effect on the end-of-life condition. This is likely to be the case for tubes operating at elevated temperature. Thick section component response and conditions of axial cracking can differ and merit evaluation on a case-bycase basis. 
Subcritical Crack Growth and Remaining Lifetime
The subcritical crack growth behavior, beginning from a threshold condition to final failure by plastic collapse or fracture, represents the lifetime of the component expended in the growth of a pre-existing crack. The relevant modes of cracking include fatigue, creep and creep-fatigue. Of course, whether or not subcritical cracking occurs depends on whether conditions relating to crack size, applied stresses and threshold crack-tip stress intensity are met.
Threshold Crack Size
In case of fatigue crack growth, the Test 1 data indicated a threshold K of about 10 MPa√m (9.1 ksi√in) at R=0.1. For application under different R-ratio conditions to account for a higher mean stress effect such as with higher residual stress (higher R-ratio produces faster cyclic crack growth and a lower threshold K), the R=0.1 threshold was adjusted to an effective K, Keff, using Schijve's formulation [9] where K eff =K(0.55+0.35R+0.1R 2 ). In case of time-dependent, creep crack growth, the test data did not give directly useful indications of a threshold applied K I , K Ith . For the purpose of this demonstration, analyses were conducted for an assumed creep crack growth threshold K Ith of 10 MPa√m (9.1 ksi√in), likely to be conservatively low for time-dependent growth, and 22 MPa√m (20 ksi√in), a level at which the crack size as inferred from the COD measurements in Test 1 for time-dependent growth appeared to increase significantly.
The sensitivity of the threshold crack depth to the level of residual stress was examined. Figure 11 is a graphic illustrating this sensitivity for two threshold KIth values. It can be seen from the figure, that, depending on the residual stress, the threshold crack can be of a depth that is a small fraction of the tube wall, may not be detectable in practice, and most importantly, has a higher likelihood of occurrence than would a larger flaw, thereby increasing the risk of failure due to crack growth. For an assumed K Ith of 22 MPa√m (20 ksi√in), at a residual stress level of 345 MPa (50 ksi), the threshold crack depth is 1.17 mm (0.046 in.), and even lower (0.25 mm or 0.01 in.) for a lower K Ith of 10 MPa√m (9.1 ksi√in). This effect of the residual stress on decreasing the threshold crack size needed for crack growth and thereby increasing the risk of failure is perhaps its dominant "damaging" aspect. Furthermore, the effect of residual stress is obvious in the case of fatigue cracking, since the mean stress effect is comparatively negligible. This will become apparent in the fatigue analysis below. In case of creep crack growth, the threshold effect is also likely to be dominant, particularly if the crack growth rate is only weakly dependent on, or independent of the applied stress and KI. An obvious and striking conclusion from Figure 11 is that in the absence of residual stress, computed threshold sizes approach or exceed the tube wall thickness, so that the risk of crack growth under such zero residual stress conditions may well be insignificant.
Notwithstanding the simplifying assumptions on their uniform distribution, the welding residual stresses at levels of 172 MPa (25 ksi) and 345 MPa (50 ksi) used in the calculations can represent real-world conditions. Similar levels of residual stress have been measured in actual T23 components [10] as well as in a simulated plate weld for a similar material, T24 [11] . In the case of the T23 reference, welding residual stresses were measured to be as high as 387 MPa (56 ksi) in the axial orientation in field-installed waterwall panels, similar to the scenario evaluated here. In the simulated T24 weldments, axial residual stresses were measured as high as 350 MPa (51 ksi) by neutron diffraction. Note that with a default postulate for residual stress of the order of the base material specified roomtemperature minimum yield strength of 400 MPa (58 ksi) (e.g., [12] ), the estimated threshold crack depth may be well below 1 mm (0.04 in.) or 14% of the tube wall thickness in this case. Figure 12 is a graphic showing the remaining cyclic crack growth lifetime for two levels of residual stress. The prediction has been made using the best-fit Paris regime K dependence of cyclic crack growth rate derived from Test 2 with the Rratio-modified Keff. It can be seen that the residual stress has a minor effect on lifetime that appears controlled by the threshold condition. The end-of-life condition is defined by net section plastic collapse due to pressure alone (residual stress is assumed to be fully relaxed in this condition). It can be seen from the figure, that under simple pressure cycling such as in startups-shutdowns, regardless of the residual stress, the cycles needed to produce significant damage and failure are in the tens of thousands. As such, this damage mode is not expected to be of concern for this form of cyclic loading. The analysis does not, however, include consideration of other sources of fatigue loading such as thermal cycling. Fatigue damage from significant cyclic sources (high number of cycles and significant amplitude) can obviously occur without a mean residual stress. In the presence of a potentially damaging cyclic load source, the main lifetime-compromising effect of residual stress is anticipated to be in reducing the threshold K and thereby reducing the threshold flaw size, the increased crack growth rate effect being secondary. Figure 13 is a graphic showing the remaining creep crack growth lifetime for two levels of residual stress. The crack growth rate used is the average of the Test 1 COD-based estimate and the estimate made from observation of the crack extension in the HAZ in the same test. The COD-inferred crack growth rate data did not show a dependence on the applied K I , so the input growth rate for the calculation is constant (hence the straight line). It can be seen from the figure that the relatively rapid measured crack growth rate gave lifetimes below a year. Analyses performed for two levels of residual stress, 172 and 345 MPa (25 and 50 ksi) illustrate the sensitivity of the threshold crack size to the level of residual stress, the most significant effect of this stress. Since the limited test data did not produce an apparent dependence of crack growth rate on applied KI, again, the primary effect of residual stress, assuming this behavior holds, is to reduce the threshold crack size and increase the risk of damage and failure. Note that residual stresses may not be sustained as the crack grows, although indications are that, at least for this material and loading conditions, residual stresses appear to have a relatively minor effect on crack growth with lifetime controlled by the threshold crack size reducing with increased residual stress.
Fatigue Crack Growth Life
Creep Crack Growth Life
The estimated remaining lifetime is consistent with the field observations of very short-term exposure (~10k hours) before failure. The material aspects that influence this relatively rapid crack growth remain to be investigated.
SUMMARY
This effort, although limited as the first phase of a broader project aimed at evaluating the crack growth behavior of Grade 23 weldments, produced some useful insights:
 The first of two tests of a tube-to-tube weldment conducted under static loading conditions showed evidence of intergranular time-dependent cracking in the weldment heat-affected zone at the test temperature of 482°C (900°F). Given the low expected large-scale creep at this temperature, the evidence highlights the risk of this form of cracking under conditions that need not be associated with creep as conventionally defined and expected.  The absence of base metal cracking under the same test conditions highlights the relatively high cracking susceptibility of HAZ material compared with unaffected base metal.  The HAZ intergranular time-dependent cracking phenomenon at 482°C (900°F) appeared morphologically consistent with that of reheat cracking.
The observation suggests that reheat cracking may well occur at this temperature. Additionally, the measured crack growth rate appeared to be relatively rapid. The materials-related factors contributing to this behavior, including possible effects of chemistry, remain to be investigated.  Data from the second test for the fatigue-dominant, R=0.1 phases showed that the Grade 23 material had an apparent fatigue crack growth threshold of about 10 MPa√m (9 ksi√in) and a well defined Paris regime at 482°C (900°F).  The observed onset of ductile tearing at 482°C (900°F) in the second test suggests a material fracture initiation toughness likely to be less than 60 MPa√m (55 ksi√in) at this temperature, lower than would be expected for this class of steel.  The flaw tolerance-based integrity and lifetime application demonstration conducted for a T23 tube with nominal dimensions and design temperature and pressure conditions as given for the furnace roof tube that had failed in roughly 10k hours produced several insights: o The fracture toughness, as estimated, has no significant effect on lifetime and does not control the end-of-life condition that is governed by net section plastic collapse. o Residual stress has a major effect on the minimum size of crack (threshold size) to begin subcritical crack growth (fatigue, creep, creep-fatigue). The higher the residual stress, the lower the threshold crack size for crack growth and the greater the risk of damage and failure. o In the absence of residual stress, computed threshold flaw sizes are so large as to indicate that there is an insignificant risk of crack growth when there is no residual stress. o All of the analyses indicate that the most significant, and in most cases, the predominant effect of residual stress is to reduce the threshold flaw size. Indeed, this reduction in threshold flaw size is perhaps the biggest contributor to the risk of crack growth and failure. o Fatigue crack growth damage under normal pressure cycling (Start-ups/shutdowns) appears negligible, with failure requiring tens of thousands of cycles. Relevant fatigue loading of interest would therefore include more frequent conditions such as thermal cycles unrelated to startup-shutdown. o The creep crack growth-based lifetime prediction using the laboratory test data indicates a short life, consistent with the reported short-term failure. Materials-related factors contributing to the relatively rapid crack growth remain to be investigated.  The test data and flaw tolerance assessment example illustrate, in general, that the risk of Grade 23 weldment failure depends on the existence of preservice cracks and the presence of residual stresses to drive such cracks in operation. Given the susceptibility of Grade 23 welded components to pre-service cracking, whether due to reheat, stress corrosion or hydrogen, and given the range of applications and component configurations, the task of largely eliminating pre-service cracking appears challenging at best. In the near term, however, eliminating or controlling the welding residual stress -a critical damage contributor and perhaps a requisite for failure in many designs -provides a means of reducing failure risk.  This work represents an initial effort to characterize the flaw tolerance behavior of Grade 23 weldments. The many variables affecting weldment flaw generation, flaw tolerance behavior and lifetime, including materials and microstructure merit continued investigation.
